Southern smelts (Retropinna spp.) in coastal rivers of Australia are facultatively diadromous, with populations potentially containing individuals with diadromous or wholly freshwater life-histories. The presence of diadromous individuals is expected to reduce genetic structuring between river basins due to larval dispersal via the sea.
Introduction
Connectivity is a key determinant of population structure in nature, and strongly influences the genetic diversity, adaptive potential and resilience of species (Allendorf & Luikart 2007) . There may be strong relationships between the habitats occupied by a species and the level of connectivity among local populations. For example, freshwater fish generally have much higher levels of genetic structuring between spatially distinct populations than marine species because of the presence of natural (e.g. mountain ranges) and artificial (e.g. dams) barriers to dispersal in freshwater ecosystems (Ward et al. 1994) . Diadromous species (i.e. species that migrate between marine and freshwater) tend to have highly variable levels of population structure, reflecting the wide range of life history strategies exhibited by these species.
There are three widely recognised modes of diadromy in fishes (McDowall 1992; Myers 1949 ): "catadromous" species spend most of their adult life in freshwater and migrate to the sea to spawn; "anadromous" species spend most of their adult life at sea and migrate to freshwater to spawn; and "amphidromous" species migrate between fresh and marine habitats but not for the purpose of spawning (McDowall 1992) . Most amphidromous fishes exhibit "freshwater amphidromy", with spawning occurring in freshwater and the eggs and/or larvae drifting downstream until they reach the estuary and/or the open ocean (McDowall 2007; Thuesen et al. 2011) . The juveniles generally return to freshwater after 4-6 months in the estuarine/marine environment and sexual maturation occurs in freshwater. A small number of species are also thought to exhibit "marine amphidromy" in which spawning occurs in the sea and freshwater is utilized by juveniles before migration back to sea (see Gross 1987; McDowall 1988) .
Catadromous species tend to exhibit low levels of population structure or panmixia over large geographic scales (e.g. angullid eels, Als et al. 2011) , whereas anadromous species are often highly structured due to natal homing (e.g. many salmonids, Vaha et al. 2007) . Amphidromous species generally exhibit low genetic structuring between populations over moderate spatial scales (i.e. 100s of km), presumably due to extensive mixing of eggs and/or larvae in the marine environment (Cook et al. 2009; Crandall et al. 2010; Page et al. 2013) . For example, the Australian Grayling Prototroctes maraena exhibits obligate amphidromy and is panmictic across southern Victoria, Australia (Schmidt et al. 2011) .
Most studies of the population structure of diadromous fishes have categorised the life-history of the study species a priori and then used genetic markers to test the level of among-population connectivity. However, broad categorisations of species may fail to take into consideration important intra-population variation in migratory behaviors. Such variation has been documented for a wide range of diadromous fishes and has been referred to as "facultative diadromy" (Hicks et al. 2010; McDowall 1988) . For example, anguillid eels have long been viewed as the "classic" example of catadromy, yet otolith chemistry analyses have shown that many individuals spend their entire lives in the marine environment (Tsukamoto et al. 1998) . Similarly, many populations of "anadromous" salmonids contain individuals that live their entire lives within freshwater (Chapman et al. 2012) . Facultative migration amongst amphidromous species has received much less attention, although its existence has been confirmed for several species including giant kokopu Galaxias argenteus (Hicks et al. 2010) and common bully Gobiomorphus cotidianus (Closs et al. 2003) . The effects of variable life-history on genetic connectivity among populations of fishes that exhibit amphidromy have not been examined.
Members of the family Retropinnidae (the Southern Hemisphere smelts) exhibit wide variation in life history modes (McDowall 1988) . The New Zealand smelt Retropinna retropinna appears to exhibit facultative diadromy, with some individuals within populations undertaking either anadromous or amphidromous migrations, and others residing in freshwater throughout their lives (Northcote & Ward 1985) . However, it is possible that these two forms are different cryptic species, as there is some evidence of reproductive isolation between anadromous and non-diadromous individuals (Northcote & Ward 1985) .
There are currently two recognised species of Southern Hemisphere smelts in Australia. The Australian smelt Retropinna semoni is a primarily freshwater species found in inland and coastal drainages throughout south-eastern Australia. Although most populations of the species are non-diadromous, a recent otolith chemistry study showed that the majority of individuals sampled from a coastal river in southern Victoria had spent their early life history in saline habitats, suggesting these fish were most likely amphidromous or catadromous . The Tasmanian smelt R. tasmanica is found only in the lower reaches of coastal rivers and estuaries in Tasmania. Little is known of the species' life history, although it has been suggested that they exhibit anadromy (Fulton 1990; McDowall 1988) . Allozyme analyses of Retropinna from throughout southern Australia recently found that R. tasmanica from Tasmania form a clade with R. semoni from the Murray Darling Basin and western Victoria, suggesting that R. tasmanica may not be a distinct species (Hammer et al. 2007 ). The analyses of Hammer et al. (2007) also suggest the presence of two or more cryptic Retropinna species, so it is possible that life-history variation corresponds with putatative taxonomic status. Here we examine population genetic structure and life-history variation within and between populations of the two currently recognized Australian Retropinna species. However, as taxonomic boundaries are yet to be clarified within Australian Retropinna, we hereafter refer to fish by their geographic location, or more generally as Retropinna spp.
In this study, we use otolith chemistry analysis to examine life-history variation within and among populations of Australian smelt from coastal rivers in southern Victoria and Tasmania, Australia. We also use a combination of mitochondrial sequence data and microsatellite analyses to examine genetic variation among populations in different river basins. The results of the otolith chemistry and genetic analyses are then used to test the hypothesis that populations will be structured genetically when most individuals are non-amphidromous, whereas populations consisting largely of amphidromous individuals will be genetically homogeneous due to mixing via marine dispersal pathways.
Material and methods

Fish and water collection
Retropinna spp. were collected using seine or dip nets from the freshwater reaches of 10 coastal rivers in Victoria, and were sampled from the lower freshwater/upper estuarine reaches of four coastal rivers in Tasmania ( 
Otolith chemistry -trace elements
Trace element analyses were also conducted for a subset of the Victorian sites to examine connectivity between diadromous populations. The second otolith of each fish was mounted on a clean glass slide as described above; however, the polishing step was omitted. Vertical ablation transects were run from the distal surface of the otolith to the proximal surface, through the primordium, using the depth profiling method of Macdonald et al. (2008) Sr, 138 Ba) were measured using a Varian 810 quadrupole ICP-MS coupled to the HelEx laser ablation system described above (see also Crook et al. 2013) . Otolith core material accreted between 2-10 days post-hatch was selected to represent the environment experienced by the diadromus individuals during early larval life . Data was processed using Iolite Version 2.13 (Paton et al. and quadratic discriminant function analysis (DFA) were conducted on log 10 transformed data to examine variation in multi-elemental signatures among diadromous populations.
In rivers where the difference between freshwater 87 Sr: 86 Sr and the global marine value was too small to resolve diadromous movements using this marker alone (i.e.
Glenelg River, Darlots Creek, Hopkins River), we also examined otolith Sr:Ca and Ba:Ca transects across the full life history of individuals using the depth profiling method outlined above. Mn peaks observed during data processing were used as a proxy for the otolith core (Brophy et al. 2004; Macdonald et al. 2008; Ruttenberg et al. 2005) , and Sr:Ca and Ba:Ca were integrated across 2-sec intervals..
Genetic methods
Genomic DNA was extracted from ethanol-preserved tissue samples using a standard salting-out protocol modified for 96-well plate throughput as per Aljanabi and Martinez (1997) . A 950bp fragment of mitochondrial DNA spanning ATP synthase subunit 8 and ATP synthase subunit 6 genes was amplified and sequenced using primers and protocols described by Woods et al. (2010) . Sequence data was deposited in GenBank under accession numbers KC150089 -KC150135 (Supporting information, Table S1 ). Additional sequences representing a range of Retropinna geographic localities and outgroups were obtained from GenBank Ishiguro et al. 2003; Page & Hughes 2010; Schmidt et al. 2011; Woods et al. 2010) . Seven microsatellite loci were amplified and genotyped using the multi-tailed primer tagging method of Real et al. (2009) . Microsatellite primer sets included sm26, sm49, sm77, sm80 ; smE8, smG7 (Schmidt et al. 2011) ; and a previously unpublished locus smC7 (smC7_F: GCACCGTATGCCTGTCTACCAC;
smC7_R: CATCTGTTGCTGTTGTTGATGGTT).
Genetic analyses
For mtDNA data, haplotype diversity (h), nucleotide diversity (π) and pairwise estimates of fixation indices (F ST , Φ ST ) among 14 sample sites were calculated using ARLEQUIN v3.5.1.2 (Excoffier & Lischer 2010) . Genealogical relationships among the sampled mtDNA haplotypes were estimated by statistical parsimony using TCS v1.21 (Clement et al. 2000) . A gene tree incorporating exemplar haplotypes from each sampled mtDNA clade, outgroups, and published sequences representing variation within Retropinna was reconstructed using BEAST v1.7.4 (Drummond & Rambaut 2007) . A lognormal relaxed clock model was first used to estimate divergence times of ingroup clades. However the data could not reject a strict clock (ucld.stdev included zero), therefore a strict clock model was used along with a coalescent constant size tree prior with a fixed substitution rate of 0.65 × 10 -8
substitutions/site/year (Bermingham et al. 1997 ). An appropriate substitution model For microsatellite data, tests for deviation from Hardy-Weinberg Equilibrium (HWE)
for each locus-population combination were carried out using exact tests implemented in ARLEQUIN. Genetic structure was quantified by estimating pair-wise and global
F ST values in ARLEQUIN. These were tested for significant deviation from panmictic expectations by 10,000 permutations of individuals among populations. For significance testing, the critical value (α) was corrected for multiple tests using the False Discovery Rate method (FDR, Narum 2006) . To examine the contribution of individual population samples to overall F ST we computed population-specific F ST values for microsatellite data using GESTE v2.0, (Foll & Gaggiotti 2006) ; and for mtDNA by calculating the average pairwise Φ ST of each focal population. Populationspecific F ST analyses were calculated separately for three regional groups of populations that were genetically distinct (West, East, Tasmania; see Results).
Structuring of individual multi-locus genotypes was investigated independently of sample groupings using a model-based Bayesian clustering method. The probability of an admixture model was tested for clusters (K) ranging from one to 15 using STRUCTURE 2.3.1 (Pritchard et al. 2000) . Models were tested using eight independent MCMC simulations, each consisting of 2 × 10 6 iterations after a burn-in of 10 5 iterations. The most likely number of homogeneous clusters was assessed by standardising the second order rate of change of the mean likelihood of K (i.e. ΔK, Evanno et al. 2005) , using the online application STRUCTURE HARVESTER (Earl & Vonholdt 2012) . A hierarchical approach to STRUCTURE was used (see Vaha et al. 2007 ).
Contemporary migration rates (m, the proportion of immigrants in a focal population that arrive from a source population) over the past few generations were estimated using a Bayesian assignment method implemented in the software BAYESASS v1.3 (Wilson & Rannala 2003) . This method is based on the principle that immigrants and their progeny show temporary disequilibrium in their microsatellite genotypes relative to the focal population under the assumption that background migration rate is relatively low (F ST > 0.05) and that loci are in linkage equilibrium. To achieve convergence and consistency of posterior probability estimates among replicate runs, analyses were run for 60 million iterations, sampling every 2000 with a burn-in of 10 million iterations. Delta values were adjusted to 0.2 to ensure chain swapping occurred in approximately 50% of the total iterations as recommended by Wilson and Rannala (2003) . Unidirectional estimates of m were made for all pairs of sites and rates were reported that fell outside the 95% confidence interval simulated for uninformative data (Wilson & Rannala 2003) .
Results
Otolith Chemistry
Analysis Sr at the otolith margins closely reflecting the water from which they were sampled (Fig. 2, 
Genetics
A total of 255 mtDNA sequences were obtained from fish across 14 coastal rivers (Supporting information, Table S1 ). The edited alignment was 413 bp in length, including 97 variable positions and 47 haplotypes resolved into four disconnected networks (Clades I-IV, Fig. 1b ). Genetic variation was evident within all of the 14 river samples ( Fig. 1a ; Table 2 ), and strong phylogeographic structure was evident between the samples (Fig. 1a,b) . This phylogeographic pattern consisted of a westeast mainland division centered on Wilson's Promontory (WP, Fig. 1a ), dividing the distribution of clades I and II (Fig. 1a,b) . Clade III was restricted to the Yarra R. site (Fig. 1a,b) ; and clade IV was confined to sites from Tasmania (Fig. 1a,b) . A single individual sampled from the Tarwin R. on the west side of WP carried Clade II mtDNA and was the only exception to this phylogeographic pattern.
Phylogenetic analysis showed that Retropinna from Tasmania (Clade IV, Fig. 1b) were nested within the paraphyletic mainland Retropinna. The west-east phylogeographic division of clades I and II corresponded with two highly supported clades in the gene tree, with mean uncorrected pairwise divergence of 15.3% corresponding to a median divergence time of 21 million years ( Fig. 1b ; Supporting information, Table S2 , Fig. S1 ). Clade I haplotypes have a close affinity with R.
semoni sequences collected from inland rivers of the Murray-Darling Basin. Clade II haplotypes correspond to the southeast coastal (SEC) genetic grouping of R. semoni designated by Hammer et al. (2007) . Clades III (Yarra R.) and IV (Tasmania) form a strongly supported grouping (posterior probability 0.99, Fig. 1b ) with a mean pairwise divergence of 3.5%.
There was extremely strong mtDNA structure among mainland populations west of WP. Indeed, network and phylogenetic analyses showed the Yarra River population contains a unique mtDNA clade that shares a most recent common ancestor (MRCA)
with Tasmanian populations ( Fig. 1b ; Supporting information Table S2 ). The four other western rivers also exhibit heterogeneity in haplotype frequencies (Fig. 1a) .
After correction for multiple tests, all pairwise  ST values were highly significant, except between the Hopkins and Tarwin Rivers (Supporting information, Table S3 ).
The overall  ST value among western rivers was 0.816 and all population level  ST values were very high, especially the Yarra ( ST = 0.93, Table 2 ). The eastern mainland populations showed less structure overall  ST = 0.498, P<0.001. The five rivers all shared a common haplotype, but the Thompson River also contained a unique clade (population level  ST = 0.61, Table 2 ) and was significantly different from the other four, which were not significantly different from each other. R.
tasmanica were also less structured than the western mainland group, although there were some differences in frequencies of haplotypes (Table 2; Table S3 ).
The STRUCTURE analysis incorporating all individuals suggested the most likely number of clusters was two, one containing all Tasmanian and western mainland populations and the other containing all eastern mainland populations (Fig. 4) . When these two groups were analyzed separately, the Tasmania+western cluster was divided into separate Tasmanian and western groups, each of which was further subdivided into a third level of hierarchical structure featuring each of the five western population samples clustering into separate groups (Fig. 4) . The eastern group produced two clusters when analyzed in isolation, with the Thomson River population distinct from all others. When the Thompson was removed and the remaining four populations analyzed alone, no further clustering was detected (Fig. 4) , although pairwise F ST values for all eastern populations were significant, except the Snowy versus the Bemm and the Avon versus Macalister (Supporting information, Table S4 ).
There was remarkable concordance between the microsatellite and mtDNA results in terms of pairwise comparisons, with the exception of the Hopkins and Tarwin, which
were not differentiated on mDNA, but were differentiated with microsatellites, possibly due to smaller sample sizes for the mtDNA (Supporting information, Tables   S3, S4 ).
Contemporary migration among the coastal river populations sampled in this study appears very limited. The BAYESASS analysis of microsatellite data revealed only five sampled populations containing individuals that could be distinguished as potential immigrants (Table 1) . In cases where migration was detected, the putative source population was a nearby river, for example from the Leven to the Rubicon and Great Forester in Tasmania and from the Macalister to the Avon and the Snowy to the Bemm in eastern Victoria (Table 1) . In eastern Victoria, some migration was detected from Darlots Creek to the Hopkins. Assignment testing of microsatellite data therefore indicates long distance movement among rivers via the sea is absent or rare in smelt.
Discussion
Our otolith chemistry analyses demonstrated substantial life-history variation among populations of Retropinna, as hypothesized by Crook et al. (2008) . In the Victorian coastal rivers, five of the eight sampled populations consisted entirely of nondiadromous individuals, whilst the remaining populations were dominated by individuals that had spent their early life history in saline waters and had subsequently migrated back upstream into freshwater. As spawning has only ever been recorded in freshwater by this species (Koster & Dawson 2010) , the life history mode of these fish appears to most closely resemble "freshwater amphidromy" (McDowall 1988; Myers 1949) . The otolith chemistry analysis of Retropinna collected from Tasmania provided little evidence of residence in freshwater at any time during the life history, with fish appearing to have resided in estuarine and possibly marine waters throughout life. Unlike the Victorian samples that were sampled in freshwater, these fish were collected from the uppermost estuarine reaches of the study systems, and one possibility is that they were sampled before having an opportunity to migrate upstream into freshwater. We consider this unlikely, however, as all of the Tasmanian fish analyzed were greater than 60 mm TL, which is much larger than the size at which upstream migration in mainland Retropinna has been shown to occur (~15-40 mm TL, Crook et al. 2008; Crook and Macdonald unpubl. data) . These findings are also consistent with previous descriptions of the distribution of Retropinna in Tasmaina, suggesting that they are restricted to estuaries and the lower reaches of rivers (Allen et al. 2002; Fulton 1990 ). Based on these observations, it would appear that Tasmanian Retropinna have a life-history that occurs primarily within estuarine/marine habitats. A similar habitat association and pattern of genetic structure was found for the co-distributed species Tasmanian whitebait (Lovettia sealii), which also undertakes an annual migration into upper estuarine reaches around the Tasmanian coast (Schmidt et al. in press ).
We had predicted that if populations contained wholly freshwater fish only, they would be genetically divergent, whereas if some populations contained amphidromous individuals, populations would be homogeneous or panmictic. This was because all previous studies of species thought to be amphidromous had shown minimal genetic structure over scales much larger than examined here (e.g. Cook et al. 2009; Crandall et al. 2010; Page et al. 2013) , so with a mixture of population lifehistories, we predicted that any amphidromous individuals would cause homogeneity among rivers. This prediction was not supported. Rather, we found extreme variation in life-history, ranging from wholly freshwater, to amphidromous to estuarine/marine, as well as extremely high levels of genetic structure. Many of the wholly freshwater populations were highly genetically divergent from all others, suggesting that they had remained isolated for considerable evolutionary time (possibly more than 60,000 years in the case of the Yarra population; supplementary Table S2 , lower 95% HPD).
Yet, surprisingly all these rivers have open access to the sea, so amphidromous individuals from other estuaries have had the potential to invade over time but appear not to have done so. Only very limited migration seems to occur between rivers, and then only between nearby rivers.
These findings present a conundrum. If some populations contain amphidromous individuals, why have these populations not provided a source of migrants into other rivers and therefore prevented genetic divergence? One possible scenario is that the species is capable of natal homing. This has never before been reported in an amphidromous species, although it is common in anadromous species that leave their natal habitat as juveniles (not eggs or larvae as in amphidromy) and return to freshwater as mature adults (Dionne et al. 2008; Fontaine et al. 1997) . We have no other evidence to suggest that R. semoni is capable of such a feat, but studies on another amphidromous species (Galaxias maculatus) have shown that larvae and juveniles are sensitive to differences in water quality (Hale et al. 2008) , so it is possible, though unlikely, that juvenile smelt can identify chemical cues from their natal river. Furthermore, larvae of a number of coral reef fish species, which also disperse as eggs and larvae, have been shown to be capable of natal homing (Thorrold et al. 2001 ).
Alternatively, it has been suggested by a number of authors that selection against immigrants can promote genetic structure among populations (Hendry 2004; Nosil et al. 2005) . This hypothesis predicts that local adaptation results in residents having higher fitness in a given habitat than immigrants that will not be adapted to the new environment. Bradbury et al. (2008) showed that in the anadromous rainbow smelt
Osmerus mordax, population structure among rivers was much more pronounced in spawning adults than in juveniles and suggested that selection was resulting in immigrant juveniles not surviving to spawning age. It seems unlikely that such a mechanism could explain the results observed here though. In their study, F ST values were between 0.001 and 0.05, much smaller than observed for some populations in our study.
A final possibility is that individuals that resided in saline water during the early life history are retained within the estuary of their natal river basin: that is, they are only "marginally amphidromous" (sensu McDowall 1988 ). This suggestion is strongly supported by the multi-elemental otolith analyses -the highly significant inter-basin variation in trace element signatures in the otolith cores (representing the saline residence phase) of amphidromous fish suggests that they most likely resided in saline water within the estuary of their natal catchment, rather than in the more chemically homogenous open ocean. This contrasts with findings for the closely related
Australian grayling Prototroctes maraena from coastal Victorian streams where there were no significant differences in otolith core chemistry between spatially distinct samples (Crook et al. 2006) . Subsequent genetic analyses of Australian grayling demonstrated panmixia among samples, further supporting the contention that they spend their early life history in the ocean and are, thus, amphidromous (Koster et al. 2013; Schmidt et al. 2011) .
Recent studies of some northern hemisphere estuarine species have suggested that larval retention within estuaries can occur through vertical migration of individuals correlated with tides (Bilton et al. 2002) . However, even where such mechanisms have been proposed, such as in the sand goby (Pomatoschistus minutus), the levels of genetic structure are considerably lower than those observed here for the smelt (F ST = 0.026 for sand goby versus mean population F ST = 0.19 for western mainland and F ST = 0.07 for eastern mainland smelt). Presumably this is because, even though most sand goby larvae are contained within the estuary, occasionally a small number of individuals are washed to the sea and result in limited mixing. This appears to happen very rarely for southern smelts.
While there are clearly differences among populations in terms of both life-history and genetic distinctness, there also appear to be more general differences, at least between the two mainland groups east and west of Wilson's Promontory, a major biogeographic break point in the Australian marine fauna (see Supporting information, discussion S1). This geographic division coincides with a putative species-level boundary identified by Hammer et al. (2007) This suggests that even this group of populations, currently recognized as R.
tasmanica and suggested by McDowall (1996) to be anadromous, show evidence of limited dispersal among estuaries.
In conclusion, our findings of strong genetic structure between populations of smelt, despite the potential for marine dispersal, contrast with the findings of previous studies of amphidromous organisms (e.g. Cook et al. 2012; Dennenmoser et al. 2010) .
The drivers of this highly unusual genetic structuring are unclear at present. Previous research has suggested that the expression of amphidromous life histories is strongly influenced by the physical attributes of the river basin, with steep, hydrologically unstable systems more likely to encourage amphidromy than gradually sloping, hydrologically stable systems (Thuesen et al. 2011) . Our findings of life history variation at large spatial scales and in accordance with putative taxonomic boundaries (e.g. wholly freshwater and amphidromous in Victoria versus estuarine/marine in Tasmania) suggest that local environmental factors are not the sole drivers of life history variation in smelt. A future research need in this area is to determine the extent to which behavioural and environmental factors interact to influence life history expression and dispersal, and thus, regulate population structure. 
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